Introduction
[2] Hydrogeophysics is an evolving research discipline that aims at integrating noninvasive geophysical characterization techniques with hydrological methods to provide insights into subsurface properties and processes [Rubin and Hubbard, 2005] . This feasibility study, as a single step within this evolution, had two objectives: (1) to test the potential application of the improved, deeper-explorationcapability time domain electromagnetic (TDEM) (known also as transient electromagnetic (TEM)) geophysical method for hydrological research and (2) to delineate the spatial distribution of groundwater salinity beneath the Judea Desert, Israel. The Judea Desert was found to be the best place in Israel for conducting such a feasibility study because there were evidences that all levels of groundwater salinity (fresh, brackish, saline and brine) exist in the subsurface within the exploration depth interval of the applied TDEM system, and because the desert is not urbanized and thus the electromagnetic signals are not disturbed by pipes, wires, etc.
[3] Electromagnetic methods are widely used in hydrogeophysical investigations because the spatial distribution of electrical resistivity in the subsurface reflects the spatial distribution of pore water salinity. These investigations are relatively easy to carry out, instrumentation is inexpensive and data processing and interpretation tools are widely available. The conventional TDEM method is described in details in the geophysical literature [e.g., Nabighian, 1979; Kaufman and Keller, 1983; Nabighian and Macnae, 1991] . It has been widely applied in groundwater exploration [Fitterman and Stewart, 1986; Meju et al., 2001] , and especially for detecting the interface between fresh groundwater and saline seawater intrusion into coastal aquifers [Goldman et al., 1988; Hoekstra and Blohm, 1990; Yechieli et al., 2001] . Its marine modification for hydrological research beneath freshwater lakes has been established as well [Goldman et al., 1996; Hurwitz et al., 1999] .
[4] All the above mentioned investigations were dealing with relatively shallow (up to several hundred meters) depth, and mainly within clastic aquifers. On the contrary, the target of the current feasibility study was a deep regional carbonate aquifer, which has been very little investigated using surface geoelectromagnetic methods [Kafri et al., 2007] . Depending on the required investigation depth, there are two principal modifications of the TDEM method. The first one, termed SHOTEM (short-offset TEM), has a higher spatial resolution, but is limited to a penetration depth of several hundred meters. In most cases, it uses an induction loop as the transmitter (Tx) antenna while the receiver (Rx) location is being selected close to this loop or even within the loop. Only magnetic field components and/or their time derivatives are measured in the SHOTEM systems. As a result, the system demonstrates a very high resolution regarding electrically conductive targets and has relatively low sensitivity to lateral resistivity variations (2-D/3-D effects). The main disadvantage of the SHOTEM systems is their high sensitivity to an ambient EM noise that significantly limits their application within (or close to) urban areas [Kafri et al., 2007] .
[5] Another popular TDEM array, termed LOTEM (longoffset TEM), provides a lesser spatial resolution, but its penetration depth can reach a few kilometers. It uses a grounded dipole as the Tx antenna and the Rx locations are typically chosen several kilometers away from the Tx. As a result, the LOTEM signal decays much slower than that of SHOTEM thus providing better signal-to-noise characteristics. On the other hand, the very large Tx-Rx separations lead to much higher influence of 2-D/3-D effects and, as a result, to a significantly less reliable interpretation [Kafri et al., 2007] . This problem can be solved to a certain extent by applying other deep EM methods, which are designed to perform multidimensional surveys.
[6] It is well known that the magnetotelluric (MT) sounding is the superior technique for deep targets. Indeed, the application of MT soundings in the Dead Sea Rift led to the detection of saline groundwater at a depth of more than 1 km [Ritter et al., 2003] . However, because of inherent problems of MT measurements such as static shift, relatively low resolution, etc., controlled source EM soundings are expected to remain the frequently applied methods in deep groundwater studies. Taking into account the expected depth to the target, its relatively high conductivity and the remoteness of the survey area from any source of ambient EM noise, the SHOTEM array modified for exploring deep targets (deep SHOTEM) has been selected for the feasibility study in question.
Hydrogeological Background
[7] The studied area is the Judean Desert plateau, located between the Judean Mountains in the west and the Dead Sea in the east (Figure 1 ), where Mount Scopus and Judea Groups are exposing (aging Senonian and CenomanianTuronian, respectively). Elevation of the desert plateau ranges between 300 m in the west and zero in the east. The plateau ends in the east by sharp cliffs of 250-650 m height and drops to the Dead Sea basin at an elevation of À420 m, the deepest terrestrial depression on Earth. The Dead Sea is a rhomb-shaped pull-apart basin, the deepest part of the Dead Sea Rift [Garfunkel and Ben-Avraham, 1996] . The Dead Sea is bounded to its north and south by two major strike-slip faults and along its western and eastern margins there is a belt of subparallel normal faults. The western fault is the dominant morphological feature in the studied area, creating a steep cliff. The Dead Sea Group of the Holocene age lies in a narrow belt from the cliff to the coastline. This fault places the Judea Group carbonates, which comprise the cliff, against the Dead Sea Group in the east.
[8] Mesozoic to Tertiary sediments crop out in the highlands on both sides of the Dead Sea Rift valley and constitute the main recharge area for the major aquifers. Two regional aquifers contain most of the groundwater discharge to the rift: (1) the Upper Cretaceous Judea Group of predominantly platform carbonates and (2) the Lower Cretaceous Kurnub Group of mainly continental sandstones. The subsiding rift valley is capped by a 10-km-thick Miocene-Quaternary sequence consisting of alluvial deposits and evaporites, which are mostly aquitards.
[9] The hydrogeology of the eastern Judea Group aquifer was thoroughly investigated by many researches [e.g., Rosenthal and Kronfeld, 1982; Guttman and Rosenthal, 1991; Guttman and Zuckerman, 1995; Guttman, 2000; Laronne Ben-Itzhak and Gvirtzman, 2005] . They all stated that the aquifer thickness is greatest in the north ($900 m) and it decreases toward the south ($600 m). They mentioned that the aquifer is divided into two subaquifers (upper and lower) by the En Yorqeam Formation aquitard, which contains marl with a thickness of dozens of meters. Both subaquifers are recharged at their outcrops on the high mountains. The aquifer replenishment is affected by the rain shadow phenomenon, when precipitation drops sharply from over 700 mm/a on the mountain to less than 100 mm/a at the Dead Sea shore. The recharge of the Judea Group aquifer is approximately 85 Â 10 6 m 3 /a, which mostly emerges through three large springs at the northwestern shore of the Dead Sea [Laronne Ben-Itzhak and Gvirtzman, 2005] .
[10] Groundwater salinity in the study area varies dramatically within several orders of magnitudes both in vertical and lateral directions. Groundwater pumped from the Judea Group aquifer, is characterized by a salinity of less than 100 mg Cl/L in the western part of the area and up to 600 mg Cl/L in the eastern part [Kronfeld et al., 1992; Guttman, 2000] . In three wells (Figure 1 ), Mitzpe Jericho-5, Mitzpe Jericho-3 and Jericho-2, brackish water was detected in the lower subaquifer with a salinity of 1400, 4950 and 12200 mg Cl/L, respectively [Guttman and Rosenthal, 1991; Guttman, 2000] . Along the Dead Sea shore the changes are even greater. At the Tsukim Springs the salinity varies between 1700 and 40,000 mg Cl/L [Greenboim, 1992 [Greenboim, , 1993 .
[11] The density of the Dead Sea brine is 1.23 kg/L. Hence, according to the Ghyben-Herzberg approximation for an equilibrium position, the interface is approximately 10 times shallower than that found near the ocean. Preliminary TDEM traverses across the Dead Sea coastal plain [Kafri et al., 1997; Yechieli et al., 2001 ] detected the freshwater-saline water interface near the expected equilibrium position. Similarly, Guttman and Rosenthal [1991] claimed that freshwater-saline interface near Jericho and Mitzpe Jericho is found at depths expected for the interface between freshwater and the Dead Sea brine.
[12] To gain a better understanding of the hydrological system beneath the Judea Desert, one needs to be familiar with the geologic evolution of the area. The following is a short overview of the essential hydrological processes took place beneath the Judea Desert and the adjacent Dead Sea basin, which produced the unique combination of having all levels of groundwater salinity adjacent to each other. Two paleohydrological processes are reviewed. The first took place in the Pliocene, when Mediterranean Seawater had invaded the Dead Sea Rift valley and formed an elongated seawater arm, known as the Sedom Lagoon [Garfunkel and Ben-Avraham, 1996] . This lagoon contained extensively evaporated seawater, which had precipitated halite, became extremely saline, intruded into the surrounding aquifers, interacted with the surrounding rocks, and formed the Dead Sea Rift brine [Starinsky, 1974; Fleischer et al., 1977] . Density-driven flow associated with salinity variations was proposed as the principal driving force that caused largescale migration of brine in the deep aquifers surrounding the Dead Sea Rift [Stanislavsky and Gvirtzman, 1999; Gvirtzman and Stanislavsky, 2000] . [13] The second paleohydrological process took place later, when the Sedom Lagoon was cut off from the Mediterranean Sea. A saline lake had formed in the deep topographic depression, whose level and extension had fluctuated with time. The latest Pleistocene lake, Lake Lisan, existed in this topographic depression from 70,000 to 17,000 years before present [Begin et al., 1974] . During most of its existence, its levels were lower than À200 m. Residuals of these lakes had entrapped in the surrounding sediments because of some groundwater-lake interactions, and are found today as brackish and saline groundwater bodies. It was proposed that groundwater salination due to density-driven flow on one hand, and groundwater desalination due to topography driven flow on the other hand, played important roles in these processes [Hurwitz et al., 2000] .
[14] Today, the Dead Sea (200,000 ppm Cl) is located at the same topographic depression. Fresh meteoric groundwater flows beneath the Judea Desert from heads of about +400 m at the Judea Mountains to heads of about À400 m at the Dead Sea; that is an 800 m head difference along a horizontal distance of 25 -30 km, a very steep hydraulic gradient. In fact, groundwater flow is diverted from the general steep hydraulic gradient, creating a subsurface ''river-like'' meandering flow pattern because of the geological structure. The extensively folded anticlinorium forces groundwater flow through synclinal axes in the upper aquifer and in places it overflows from one to an adjacent syncline. This complicated three-dimensional flow field has been numerically simulated by Laronne Ben-Itzhak and Gvirtzman [2005] .
[15] Because of the above mentioned paleohydrological processes, namely, to the Pliocene invasion of the hypersaline Sedom Lagoon water into deep aquifers and to the Pleistocene entrapment of the brackish Lake Lisan water in intermediate aquifers, as well as because of the meteoric fresh groundwater that currently flows through relatively shallow aquifers, all levels of groundwater salinities are expected beneath the Judea Desert. The spatial distribution of these groundwater bodies has been obviously changed with geologic time because of different flow regimes and mixing processes. Because of scarcity of the hydrogeological information available in the area, an attempt was made here to delineate the current spatial distribution of groundwater salinities using deep TDEM geophysical measurements.
Methods
[16] The TDEM system used in the survey consisted of a 600 by 600 m transmitter (Tx) loop and a multiturn air coil receiver (Rx) antenna located at the center of the loop. The system was relocated at each measurement site, and because of the hard topography, the geometry of the transmitter loop and the location of the receiver within the loop varied slightly. These variations, however, were taken into account by a processing and interpretation software.
[17] The data were collected by two different TDEM systems (Figure 2 ) using the same transmitter array. The first, a conventional system, the Geonics EM-67, provided a reliable information up to the depth of approximately 600 m. The second, a novel system, the Cycle-5M, provided much deeper exploration depth. The deeper exploration capability was achieved by making use of significantly higher Tx and Rx moments: 3 Â 10 7 Am 2 and 2.5 Â 10 5 m 2 , respectively, for the Cycle-5M; and 7 Â 10 6 Am 2 and 10 2 m 2 , respectively, for the Geonics EM-67, as well as by applying versatile, and thus highly efficient, analog and digital filters, for further enhancing the signal-to-noise ratio. Contrary to Geonics EM-67, which records a stacked signal into a data logger, the Cycle-5M receiver module is connected to a computer, thus recording all individual transients followed by a sophisticated postprocessing (''smart stacking''). Because certain parts of the measured signal are inevitably distorted by the filters, the resulting transients were thoroughly sewed by adjusting the corrected and/or undistorted overlapping segments.
[18] To increase the reliability of the measurements, both EM-67 and Cycle-5M systems were applied at most sites in addition to numerous internal checks of the Cycle-5M measurements. A typical example of the signals recorded by both systems at one of the sites in the study area is shown in Figure 3 . It demonstrates almost perfect coincidence between both signals for the entire time range of the EM-67 measurements and fairly regular and consistent behavior of the Cycle-5M signal at later times.
[19] The use of such a complicated acquisition procedure was efficient from the measurement accuracy point of view, but fairly time consuming. As a result, only one sounding per day has been normally carried out. However, the maximum delay time in this sounding, in most cases, was generally increased by roughly an order of magnitude as compared to the standard Geonics EM-67 measurements (Figure 3 ). Under the specific geoelectrical conditions of the study area, such a late delay times (between 0.5 to 1 s) allowed to an increase in the maximum exploration depth up to 1.5 to 2 km.
[20] Both EM-67 and Cycle-5M measurements were processed and interpreted using the commercial TEMIX-XL package [Interpex Ltd., 1996] . The smooth (often referred to as Occam's) inversion was first applied to each data set to choose a reasonable initial guess for further layered inversion. Since Occam's inversion can be applied without any starting model (more precisely, with a simplest model possible, namely with a half-space model having resistivity equal to the average measured apparent resistivity) and, as a result, without any a priori information regarding the required geoelectric parameters, the initial guess drawn from the obtained smooth model is least biased with regard to both the geoelectric parameters and to the number of layers as well. In addition, it provides much better convergence of the follow up layered inversion, since the initial misfit error is normally fairly low.
[21] For each data set, the follow up layered inversion was accompanied by a linear equivalence analysis provided in the package. This software automatically tests the parameter changes indicated by the resolution matrix, and finds the possible bounds of layer thicknesses, resistivities and depths. Examples of such an analysis are shown in Figure 4 . In some special cases, a global stochastic inversion was also carried out to find essentially different interpreted models in the manner described in detail by Goldman et al. [1994] .
[22] Using both approaches, the geoelectrical parameters of the target and, particularly, their possible variability ranges were quantitatively estimated. On the basis of these estimations, the absolute error in determining the depth to the target in most cases did not exceed 50 m. It should be noted however that such estimates are inevitably incomplete because they do not take into account all possible measurement and interpretation errors (e.g., 3-D effects, etc.). Unfortunately, because of the scarcity of the measurements and the lack of multidimensional inversion software, only qualitative, yet very general estimations of 2-D/3-D effects was possible. These included the comparison of the interpreted 1-D models at adjacent sites, the measurements of the horizontal magnetic filed at selected sites and the analysis of misfits of 1-D inversions at all sites. 1987], any reasonable hydrogeological interpretation of geoelectric/geoelectromagnetic results is impossible without a calibration of interpreted resistivities by independent information. For our specific target, the most relevant information is provided by direct borehole water salinity (conductivity) measurements. Unfortunately, they are not available in the specific studied area, but being collected at 14 borehole sites under very similar hydrogeological conditions (Table 1) , within the same carbonate aquifers in the Negev Desert and central Israel. The calibration measurements are sufficiently significant from statistical point of view to be applied in the study area as well.
Calibration Measurements
[24] The correlation between the TDEM resistivities and groundwater salinities is excellent within a saline to concentrated brine salinity range exceeding 10000 mg Cl/L, but it greatly deteriorates with decreasing salinity to a brackish and, particularly, to a freshwater level ( Figure 5 ). It should be noted that similar behavior has been observed in all shallow clastic aquifers throughout Israel and, particularly, in the Mediterranean coastal aquifer [Kafri and Goldman, 2005] .
[25] According to the calibration measurements, groundwater salinities within the Judea Group carbonate aquifer can be subdivided into four major salinity ranges that can be conditionally named fresh, brackish, saline, and brine (Table 2) . With the exception of a very few outliers, the ranges are well characterized by specific TDEM resistivities. However, more detailed quantitative determination of groundwater salinities based on the measured TDEM resistivities is impossible without a sufficient amount of independent hydrogeological and hydrogeophysical information.
[26] Comparison of the interpreted TDEM resistivities with both electrical logs and direct water salinity measurements in the boreholes shows generally reasonable agreement between them (Figure 6 ). In the example under consideration, the TDEM resistivity model exhibits five main resistivity units:
[27] 1. The upper, mainly high-resistivity layer represents both unsaturated and freshwater saturated calcareous sandstone aquifer (Kurkar). Unfortunately, no electric resistivity logs are available for this depth range.
[28] 2. The second low-resistivity layer almost perfectly coincides with the Saqiye clayey aquiclude. The electric log exhibits fairly low resistivities for the appropriate depths.
[29] 3. The third high-resistivity unit most likely represents freshwater saturated part of the carbonate Judea Group aquifer. The top of the aquifer perfectly coincides with the top of the high-resistivity unit. The electric log shows gradual increase of the resistivity, which is most likely caused by a thin chalk layer located between the clays Figure 4 . Example of a nonunique inversion of the TDEM data. The resistivity models on the right are equally consistent with the measured data on the left (the misfit error for all three models are practically the same). and the carbonates. This thin layer is apparently missed by TDEM because of the limited resolution.
[30] 4. The next low-resistivity layer is located within the carbonate aquifer. The resistivity drop is most likely caused by the increased salinity of the water measured in the borehole. Unfortunately, all borehole salinity measurements were carried out within the low-resistivity layer and therefore the location of the assumed freshwater-brackish water interface cannot be confirmed by the direct salinity measurements. The electric log, which is rather complicated in the considered depth range showing intercalations of both relatively low and high resistivities, cannot be used for detecting the interface even in combination with the available SP and gamma logs.
[31] 5. The lowermost low-resistivity layer roughly coincides with highly saline groundwater found in the borehole within the sandy Kurnub Group aquifer underlying the carbonate Judea Group aquifer. The electric log again shows gradual decrease of the resistivity, which probably represents the transition zone missed by TDEM because of the limited resolution.
[32] It is important to emphasize that, although the vertical resolving capability of electric logs is by nature far greater than that of the surface TDEM, the absolute TDEM resistivities more adequately represent true horizontal layer resistivities than those measured by electric logs. This observation is particularly prominent in carbonate aquifers, for which the scaling difference between logging and surface geophysics is crucial.
Results and Discussion
[33] All 21 locations, where TDEM measurements were conducted (Figure 1) , showed a high-resistivity layer of 50 to 500 W m above a relatively low resistivity layer of 5 to 15 W m. According to the above mentioned calibration measurements (Table 1) as well as to the general hydrogeological knowledge of the study area, these two layers represent groundwater stratification by means of its salinity as shown in Table 2 . The high-resistivity layer, which is interpreted as fresh groundwater, is found at a depth interval between zero and À500 m below mean sea level (bmsl). The relatively low resistivity layer, identified with brackish groundwater, is found at a depth interval between À500 and À1000 m bmsl. At 2 out of the 21 TDEM stations, an additional, even more conductive layer having resistivity of 3 to 5 Wm was detected below the relatively low resistivity layer. This deep layer most likely represents saline groundwater.
[34] Understanding the spatial distribution of groundwater salinity from the uppermost freshwater layer through the brackish and saline groundwater layers, down to the Dead Sea brine, which is known to exist at the deepest layers, needs integration of the TDEM data and the geological information (stratigraphy and structure). Using GIS, the available structural maps of the studied area along with the resistivity data have been jointly interpreted. The structural maps were the tops of the Judea, Kurnub and Arad groups [Fleischer and Gafsou, 1998; Laronne Ben-Itzhak and Gvirtzman, 2005] . Using geological maps and lithological information from deep wells, we have also incorporated several others intermediate horizons within these groups. Seven hydrogeological cross sections along the profiles specified on Figure 1 (three of which are shown in Figure 7 ) were prepared. These cross sections show the geological structure and lithological stratigraphy on both sides of the Dead Sea marginal fault. The groundwater table, as calculated by Laronne Ben-Itzhak and Gvirtzman [2005] , is also shown. Vertical profiles of the TDEM data are plotted on these cross sections as well.
Fresh-Brackish Groundwater Interface
[35] Figure 7 exhibits three configuration types of freshbrackish groundwater interface. The first type, which is observed at the northern part of the studied area, is exemplified by the cross section that traverses through stations 1, 2, and 3 (Figure 7a ). The interface gradually deepens westward. This configuration is observed on the cross section running through stations 5, 6, and 8 as well. The second type, which is observed at the central part of the studied area, is exemplified by the cross section that traverses through stations 11, 12, and 13 (Figure 7b) . The interface forms a structural low at its central part. This phenomenon is observed on the cross section running through stations 15, 16, and 17 and the one through stations 15 and 18. The above two interface types are characterized by a high-resistivity contrast. The third type, which is observed at the southern part of the studied area, is exemplified by the cross section that traverses through stations 19 and 20 (Figure 7c ). The interface configuration is almost horizontal, with a relatively low resistivity contrast. This phenomenon is also observed on the cross section that traverses through stations 20 and 21.
[36] The configuration of the fresh-brackish groundwater interface probably reflects the groundwater flow regime within the Judea Group aquifer, which is described in details by Laronne Ben-Itzhak and Gvirtzman [2005] . At the northern part of the studied area, where groundwater flows eastward, feeding the major springs along the Dead Sea shore, the interface decreases westward. The interface geometry resembles those of most coastal aquifers. At the central part of the studied area, groundwater flow direction is diverted northward because of the extensively folded anticlinorium that forces groundwater flow through synclinal axes. Therefore, the fresh groundwater lies above the brackish water as a lens, whose thickness is greater along the synclinal axes. At the southern part of the study area, the interface is almost horizontal because of the small amount of fresh groundwater flow. The meteoric water circulation at this area is much smaller because of southward decrease in precipitation and because of small area of outcrops available for infiltration. It should be noted that the recharge at the northern springs (Tsukim, Kane, and Samar) is about 80 Â Figure 5 . TDEM resistivity against groundwater salinity calibration measurements carried out at 14 borehole sites throughout Israel under hydrogeological conditions similar to those existing in the study area. Note the difference in the resistivity variations for saline, brackish, and freshwater salinities without one outlier in each range. [37] The fresh-brackish groundwater interface exists either entirely within the carbonate Judea Group aquifer (Figure 7a ), or deepens into the sandy Kurnub Group aquifer (Figure 7b) , or runs at the contact between these aquifers (Figure 7c ). This difference stems from two reasons: (1) the higher structural elevation of the southern part of the study area and (2) the thinner fresh groundwater lens at the southern part of the studied area. From a hydrological point of view both aquifers are characterized by relatively high hydraulic conductivity with no impermeable unit in between, thus the carbonate and the sandy units behave as a single aquifer, and the interface does not necessarily overlaps the lithological contact.
Brackish/Saline Groundwater Interface
[38] At two TDEM stations (8 and 13), another interface, a deeper one, was detected beneath the brackish groundwater. The above mentioned low-resistivity layer of 5 to 15 W m was found to lie above a much lower resistivity unit of less than 5 W m. On the basis of the calibration measurements, this layer reflects saline groundwater (Table 2 ). This brackish/ saline interface was detected only at the eastern edge of the studied area, next to the steep cliff of the Dead Sea.
[39] It is hypothesized that the brackish/saline interface was detected only at two TDEM stations because at the other stations it is located at deeper elevations, probably under À1.5 km bmsl, or even beneath À2.0 km bmsl, much below the maximal detection limits. Indeed, the configuration of the brackish/saline interface may be deduced from the modeling studies of the Dead Sea brine migrations [Stanislavsky and Gvirtzman, 1999; Gvirtzman and Stanislavsky, 2000] that suggested a westward deepening with a large slope.
[40] In previous TDEM studies along the Dead Sea shore, within the rift filling sediments, the interface between fresh and saline groundwater, and even between fresh-brackish groundwater and brine, was detected at shallower depths [Kafri et al., 1997; Yechieli et al., 2001] . Figure 8 shows the correlation between the new measurements at station 13 and the previous measurements at the adjacent Nahal Temarim site. Station 13 and Nahal Temarim are located on the opposite sides of the Dead Sea fault. As is seen, it is possible to correlate the TDEM resistivity cross sections obtained in the course of these studies and to locate the brackish/saline interface in both aquifers and the saline/ brine interface within the coastal aquifer. Yet, because of lithological changes, porosity differences and dilution processes, one should expect somewhat greater resistivities westward along the profiles. A similar correlation exists between the new TDEM cross section at station 8 and the previous TDEM cross section at Nahal Og.
Fresh Groundwater Lens
[41] Figure 9 integrates all interpreted TDEM profiles in a map, showing the spatial elevation of the fresh-brackish groundwater interface beneath the Judea Desert plateau. On the basis of the modeled groundwater table elevation and the interpolated interface depth, a map of the fresh groundwater thickness within the Judean Group aquifer has been drawn ( Figure 10 ). It can be seen that the fresh groundwater lens becomes thinner toward the Dead Sea shore, where the interface meets the water table. The maximum thickness of the freshwater lens is unknown because the measurements were restricted to the desert plateau and were not conducted at the Judea Mountain ridge. It can be also seen that the freshwater lens is thinning southward, probably because of a reduction of the precipitation amount and of the annual discharge at the southern part of the study area.
[42] A very interesting, yet not explained, phenomenon has been observed in the northern part of the study area. A very good correlation was identified between the groundwater table height above Dead Sea level, as modeled by Laronne Ben-Itzhak and Gvirtzman [2005] , and the depth of the fresh-brackish groundwater interface below Dead Sea level, as measured by TDEM. At 14 out of 15 measurement stations, the correlation accurately coincides with the GhybenHerzberg approximation, assuming an interface between groundwater bodies having densities of fresh groundwater and brine. However, geophysical (relatively high resistivities) and hydrogeological (borehole salinities) evidences verify that this interface exists between fresh and brackish groundwaters, and not between fresh groundwater and brine. Therefore, the above coincidence is rather unexpected. In any case, one would not expect the Ghyben-Herzberg approxi- Figure 8 . A zooming cross section at station 13 (box in Figure 7b ) exhibiting the correlation between the current study and a TDEM survey at the rift-filling sediments at Nahal Temarim [Kafri et al., 1997] . mation, which assumes hydrostatic conditions, to accurately describe a flowing groundwater system, as happens within the Judea Group aquifer. The western boundary condition at the high mountains and the eastern boundary condition at the Dead Sea shore both exhibit dramatic unstable conditions. The Dead Sea elevation has been continuously dropping during the last several decades because of the diversion of the Jordan River, and the groundwater table at the high mountains decreases because of extensive pumping during the last few decays. Hence, very good correlation is unexpected.
Conclusions
[43] This feasibility study had two objectives: (1) to test the potential application of the deep TDEM method for hydrological research; and (2) to delineate the spatial distribution of groundwater salinity beneath the Judea Desert, Israel. The study results show that both intentions were successful. Particularly, the following conclusions have been obtained.
[44] 1. The deep TDEM measurements allowed approximate characterization of groundwater salinity as fresh, brackish, saline and brine, and to delineate the interfaces between them within a carbonate aquifer down to $1.5-2 km below land surface; thereby estimating the thickness of the freshwater saturated portion of the aquifer.
[45] 2. Within carbonate formations, fresh groundwater (C < 10 3 ppm total dissolved solids (TDS)) is characterized by resistivity of more than 15 Wm; brackish groundwater (10 3 < C < 10 4 ppm TDS) by 5 -15 Wm; saline groundwater Figure 9 . Elevation map of the fresh-brackish groundwater interface.
(10 4 < C < 10 5 ppm TDS) by 0.5-5 Wm; and brine (10 5 < C ppm TDS) by less than 0.5 Wm.
[46] 3. Beneath the Judea Desert plateau, Israel, a freshbrackish groundwater interface exists at a depth of 500 -1000 m below land surface throughout the study area. A brackish/saline groundwater interface was detected only adjacent to the eastern margins of the plateau (because of exploration limits) and apparently represents a continuation of the same interface detected at the Dead Sea coastal aquifer. No brines were detected down to a depth of $1.5 km at the desert plateau throughout the study area.
